Abstract-One of most important applications of sensing devices under the Internet of Things paradigm is air quality monitoring, which is particularly useful in urban and industrial environments where air pollution is an increasing public health problem. As these sensing systems are usually battery-powered and gas sensors are power-hungry, energy-efficient design and power management are required to extend the device's lifetime. In this paper, we present a two-stage concept where a novel lowpower carbon nanotube is used as a gas detector for an energyconsuming metal-oxide (MOX) semiconductor gas sensor. We propose a design of a heterogeneous sensor node where we exploit the low-power nanotube gas sensor and the more accurate MOX sensor. This work performs energy consumption simulations for three event-driven scenarios to evaluate the power consumption reduction, as well as the limitations of carbon nanotubes. Our results show the benefits of the proposed approach over the scenarios with adaptive duty-cycling with only MOX gas sensors, proved with 20%-35% node lifetime prolongation. The delay introduced due to the nanotube recovery time can be overcome by radio duty-cycled activity for detecting alarm messages from the neighbour nodes.
I. INTRODUCTION
Recent technology advances have led to the development of embedded devices encompassing sensing, computing and communication, enabling the concept of Internet of Things (IoT) where the devices are connected to the Internet . These ubiquitous platforms, also known as wireless sensor devices have been recognized as a fundamental enabling technology for a large variety of applications including environmental monitoring, healthcare, security [1] [2] [3] , industrial monitoring [4] , etc. Air quality monitoring is becoming a popular application as pollution is an increasing problem in urban areas, directly connected to the density increment of combustion-powered vehicles. Pollutants such as carbon monoxide (CO), nitrogen dioxide (NO 2 ), and sulphur dioxide (SO 2 ) are harmful to human health when found above certain concentrations in the air. Moreover, in indoor ambient higher concentrations of CO, CH 4 and other gases can cause discomfort, severe health problems or even death. That is why health-based air quality standards and objectives are widely used in many countries [5, 6] .
Air quality in cities is measured by monitoring stations; usually only a few of them distributed within the city area. As the pollutant concentration varies greatly according to the distance from the traffic, as well as to the topography and weather conditions, it would be useful to monitor personal exposure to harmful gases. There are several mobile sensing projects supporting the IoT paradigm, where citizens or public transport vehicles are equipped with sensing devices which measure gas concentration and send the information to the Internet [7] [8] [9] . Such systems of mobile gas sensing devices ensure a larger spatial and temporal density of gas concentration information, giving a better coverage of city area and providing information for near-real-time pollution maps. On the other hand, in indoor areas, wireless networks of densely deployed gas sensors can be used for monitoring air quality and for ensuring a prompt reaction in case of a hazardous event such as gas leakage [10] . As the wireless embedded sensing devices usually are batterypowered, their limited energy budget presents a research and design challenge. There are different gas sensor technologies that can be used in such devices [11] .
Metal-Oxide Semiconductor (MOX) gas sensors are cheap, small in size and lightweight, which is beneficial for their use in pervasive mobile sensing systems for environmental monitoring [12] . Their biggest downsides are problems related to drift and especially their significant energy consumption. This energy is needed to activate the interaction with a certain gas for concentration measurements, and the sensing layer of a MOX gas sensor needs to be heated up for long periods (few minutes). Manufacturer instructions usually propose continuous heating with up to 100 mW power, which is too high for small-size batteries. Thus, in order to prolong the battery lifetime of gas sensor nodes-which also has to communicate the data wirelessly-research has been done to save energy of MOX gas sensors, with power management reducing the activity of the gas sensors.
An alternative, emerging technology for ultra-low-power gas sensors is based on carbon nanotubes. In recent years, carbon nanotubes have been explored for gas detection at ambient temperature, while self-heating was shown to accelerate gas desorption. However, this technology is still in its infancy and issues such as long response and recovery times as well as unknown long-term stability currently hinder its use as a direct replacement for MOX sensors [13] . More investigations into their drift, stability and response times are thus required before using them as stand-alone gas concentration monitors. On the other hand, nanotube technology shows a good potential for sensor network applications, air quality monitoring and breath analysis systems using battery-operated devices, as they have a very low power consumption (around few μW) in continuous monitoring [14, 15] .
In this paper, we introduce the concept of using a carbon nanotube gas sensor as an ultra-low-power wake-up detector for power-hungry MOX sensors. The proposed approach combines the benefits of both technologies to achieve ultra-lowpower systems ready for long lifetime IoT. The system exploits the benefits of low power consumption of the nanotube with the established accuracy of MOX sensors. With an aggressive power management it is possible to keep the energy-consuming MOX gas sensor inactive most of the time (i.e., with the heater turned off), while the pollutant concentration is continuously monitored by an ultra-low-power gas sensor.
The remainder of the paper is organized as follows. Section II provides an overview of the related work. Section III presents the low-power two-tier sensor wake-up method for gas concentration detection using a MOX gas sensor and a carbon nanotube gas detector. In Section IV, the architecture of the proposed gas sensor node is described. Section V and Section VI present the simulation setup and results, respectively. Conclusions and future work challenges are brought in Section VII.
II. RELATED WORKS
Reducing energy consumption of power-hungry gas sensors (in particular MOX sensors) has been a topic of intensive research in recent years. The most common energy-saving method for gas sensors is duty-cycling [16] . Oletic et al. [17] explore the minimal number of heating pulses necessary to establish MOX sensing layer's steady state. In [10, 18] , the benefits of a heterogeneous gas sensing system with adaptive duty-cycling have been explored and improvements have been demonstrated in terms of lifetime extensions. Moreover, to further reduce a gas sensor's energy consumption, methods to recognize gas concentration from its transient response have been studied. In that way, the sensor does not need to be heated until it reaches steady state (which might take minutes), but less than a second [19, 20] . In [21] , a two-stage concept for reducing energy consumption of MOX gas sensors by early detection of clean air from the transient sensor response has been proposed. Duty-cycling schemes have a huge advantage in terms of energy savings, but they come at the price of reducing the system's reactivity and high possibility of missing an important critical situation.
It was shown that some carbon nanotubes can detect NO 2 gas in sub-ppm range-typical for atmosphere concentrations [6] -with less than 50 nW power consumption in active state [14] . Gas sensors based on suspended carbon nanotubes can be recovered after NO 2 exposure via self-heating. Full recovery can be achieved in less than 10 minutes and it requires the ultra-low power of 2.9 μW [14] . In addition, crosssensitivity of nanotube sensors to gases other than NO 2 is an important challenge, as it would generate false triggers. Surface functionalization of carbon nanotubes can be utilized to render them sensitive to other gases, such as CO [22] and SO 2 . Multiple analyte discrimination is also possible using nanotube sensor arrays [23] . Suspended, ultra-clean carbon nanotube gas sensors are also insensitive to humidity variations [24] .
Carbon nanotube gas sensors are still in an early development phase to be used as stand-alone low-power gas concentration monitors, while commercially available MOX sensors are an established yet energy-consuming technology. In this work we seek to combine the advantages of the two technologies, by utilizing carbon nanotubes as ultra-low-power detectors of gas concentration changes to trigger MOX gas sensors for subsequent gas concentration measurements. This architecture will be shown to result in significant improvements in the energy efficiency of the gas sensor node and reactivity of the proposed solution. To the best of authors' knowledge, this is the first proposal of a nanotube gas sensor used as an eventdriven detector for MOX gas sensor networks. In addition, it is the first study of practical benefits of carbon nanotubes for energy-efficient pollution monitoring.
III. CARBON NANOTUBE AS MOX GAS SENSOR TRIGGER
We propose a two-tier sensor wake-up method that aims at reducing the activity of a MOX gas sensor as much as possible and increase the responsiveness of the system if gas concentration increase is detected. The proposed approach is presented in Fig. 1 . Due to the presence of the nanotube gas sensor, the node can be in idle state most of the time. In this state, almost all of the node's components are switched off, including the MOX sensor and its heater. To ensure the reaction to a possible gas concentration increment, the carbon nanotube is continuously monitoring the gas concentration. When the gas concentration rises, it is detected by the carbon nanotube, and this alarm causes the MOX heater to turn on. The MOX sensor is heated until steady state of the sensing layer is reached and the gas concentration can be determined. At the same time, after alarm generation, the carbon nanotube has to be exposed to a high current for 10 minutes, to recover its response to a baseline and be ready for further sensing. In addition, it is possible to activate the MOX heater upon receiving an alarm message from a neighbour sensor node. To enable such functionality, the radio module has to periodically check for messages (i.e., work in a duty-cycled mode). The node states and activities of particular node components in each state are listed in Table I . In order to estimate the benefits of this concept in terms of energy-efficient gas monitoring, we propose a sensor node design and perform a set of simulations exploring the energy consumption of the node.
IV. SENSOR NODE
The block diagram of the proposed sensor node is shown in Fig. 2 . The main board of the sensor node contains a microcontroller and a wireless communication module, as well as the sensors (including the MOX gas sensor). The carbon nanotube board would be connected over GPIO pins to provide the information about the gas concentration increment. The power unit contains two AA batteries. Table II comprises the values of power consumption for the node in different operating states. 
A. Main board
The core of the sensor node is Wispes W24TH node [25] . It is based on Jennic JN5148 module, which is an ultra-lowpower, high performance microcontroller with ZigBee PRO networking capabilities. The power consumption of the module is 15 mA when transmitting and 18 mA when receiving a message. The board has several sensors (an accelerometer, a temperature and humidity sensor and a gas sensor with its conditioning circuit) useful for various ambient monitoring applications. A microSD card reader, intended for local backup, data logging and firmware update, is also present on the node. The power consumption of the main board in sleep state is very low (24 μW).
1) MOX gas sensor:
One of the commercially available NO 2 sensors is MiCS-2710 from e2v technologies [26] . The sensor is very compact and covers a wide detection range. The recommended heater power is 43 mW, in a constant power mode, which causes the temperature of the sensing layer to reach about 220
• C. The gas sensor is surrounded by a flexible conditioning circuit that enables the microcontroller to control the heater voltage and monitor the sensor resistance and current consumption. By modifying the heater voltage, it is possible to control the temperature of the sensing layer, which is responsible for the chemical reaction progress. Experiments show that the sensor response stabilizes after a certain time (usually several seconds, depending on the duration of inactive time that the sensor was in before turning on the heater) [10, 21] . Thus, in order to save energy, we will turn off the heater when the sensor response reaches the steady state (approximately after 2 seconds).
B. Carbon nanotube board
The carbon nanotube [14] consumes less than 1 μW when in ambient without NO 2 pollution. When exposed to an increased NO 2 concentration, its output changes. The response time is 90 minutes according to [14] . However, in our system where we use it as a trigger, we do not wait for the sensor output to reach saturation and we trigger the MOX sensor when the output reaches a critical value. Fig. 3 shows the sensor response of a typical suspended carbon nanotube gas sensor. The top plot in Fig. 3 shows the sensor response calculated as the relative change in current (ΔI/I 0 ) upon exposure to a 1 ppm concentration of NO 2 . The transfer characteristics of the carbon nanotube transistor, showing the change as a function of gate voltage is shown in the bottom plot. The bias voltage is 500 mV, so the power consumption in the idle state is about 600 nW. The undisturbed recovery time is unacceptably long, and has been reported to be over 12 h [14] . In order to accelerate the recovery of carbon nanotube sensors, self-heating is induced by increasing the current through the sensor. Fig. 4 shows the response of another device to NO 2 exposure and self-heated recovery phases [14] . This device consumes 40 nW during its idle phase, 80 nW when exposed to 900 ppb NO 2 , and 2.9 μW during the recovery phase.
The carbon nanotube requires conditioning circuitry (voltage converter providing appropriate voltage), and a comparator that generates a trigger to the microcontroller to turn on the Fig. 4 . Sensor recovery by self-heating where the carrier gas is dry air. After exposure to various concentrations of NO 2 , the sensor recovers through self-heating which is induced by an increased bias on the sensor [14] .
MOX sensor heater. The power consumption of that surrounding circuitry overcomes the power consumption of the carbon nanotube. With ultra-low-power components such as [27] , the conditioning circuit would consume about 20 μW.
V. SIMULATION SETUP
To evaluate the proposed approach in terms of power consumption reduction and lifetime extension, simulations in Matlab have been implemented using the power consumption measurements of the nanotube and gas sensor device described in the previous section. We assume that the sensor node is powered with two batteries providing 3000 mAh capacity. Three event-driven wake-up operating modes have been modeled:
W1) The MOX gas sensor is activated only by the carbon nanotube sensor interrupt. In this case, there is no active wireless communication between the nodes and the radio is kept off during the node operation. We consider three cases: when the event (i.e., the interrupt generated by the nanotube upon gas detection) occurs twice a day, once a day, and once in 2 days. As the carbon nanotube requires 10 minutes to recover, it cannot detect more than 6 alarms per hour. In the recovery period the MOX gas sensor works in duty cycling D. Thus, critical gas concentrations are detected by the MOX if they occur during the nanotube recovery period.
W2) The MOX gas sensor is activated by either the trigger from the carbon nanotube sensor or by the trigger from the neighbour node in the wireless sensor network via wireless radio. In this scenario the node has a radio with a dutycycled activity which increases the energy consumption, but it also increases the promptness of detecting dangerous gas concentrations (especially during the critical time where the carbon nanotube is in recovery process and MOX is dutycycled). We explore the situations with alarms that occur twice a day, once a day, and once every two days. We set the radio duty cycle to 0.1%. Supposing that the radio needs maximum 2 ms to receive a message, this duty cycle value introduces a maximal delay of 2 s.
W3) The MOX gas sensor is activated by the carbon nanotube sensor interrupt and it is also heated periodically, with a very low duty cycle (0.1%). In that way, we increase the probability of detecting critical events.
To have the comparison with a traditional MOX gas sensor node and to evaluate the benefits of the nanotube, we model three duty-cycled operating modes. In the following modes, we suppose the sensor node does not include a carbon nanotube as a low-power gas detector, but it detects the gas concentration increment only with the MOX gas sensor, as follows:
D1) The MOX gas sensor operating with a fixed duty cycle D (1%, 2%, 5%, and 10%, respectively). The gas sensor is periodically heated for 2 seconds (until the steady-state is reached) and then the heater switches off. The longer the heater is off, the lower is the energy consumption, but the delay in response and the risk of missing an event is longer. For example, when D = 1%, the inactive time it is 198 seconds.
D2) The MOX gas sensor operating with an adaptive duty cycle D (during the day it switches between 1%, 2%, 5%, and 10% duty cycles according to some predefined rules and the information about the gas concentration obtained from the neighbour nodes). For 2 h in a day we have 10% duty cycle, for 10 h in a day 5% duty cycle, for another 10 h in a day 2% duty cycle and for 2 h in a day 1% duty cycle. Likewise W2 scenario, this scenario is also appropriate for wireless sensor networks. In this case the radio duty cycles with 0.1%.
D3) The MOX gas sensor continuously heated. Here the response to the concentration increment is instant, but the energy consumption is very high and thus not suitable for a battery-operated device. However, this comparison is useful to highlight the energy issue of MOX sensors and the benefits of power management. Fig. 5 shows the simulated lifetime of the presented sensor node in the above mentioned different operating modes (W1-W3 and D1-D3). We can notice that the nanotube approaches have longer lifetimes than all the duty-cycling approaches. Comparing the lifetime of the scenario where the MOX sensor is woken up only from the carbon nanotube (W1) to the scenario where the wake up can come from both nanotube and neighbor node (W2), we notice about 11% lifetime decrement caused by the radio overhead. When we compare the lifetime of the sensor wake-up with the adaptive duty cycle (D2) to the nanotube mode with the longest lifetime (W1), we notice 35% of lifetime improvement. When the radio is also included (W2), the increment is 21%.
VI. SIMULATION RESULTS
An important issue with the current nanotube technology is the recovery time. The results in [14] indicate a recovery time of 10 minutes, which was used in our calculations. Fig. 6 shows worst-case reaction time for every operating mode where this effect is highlighted. For the scenario W1, the reaction time is limited with the nanotube response and its recovery time (10 minutes). The same worst-case delay is for the scenario W3 where, except the nanotube, we have a MOX gas sensor in duty-cycled mode. However, the used duty cycle is rather low, which introduces a larger delay than the nanotube recovery time. On the other hand, in mode W2, the worst-case reaction time is defined by the radio reaction time. For the used duty cycle of 0.1%, maximal delay is 4 seconds (2 seconds for the inactive radio time and 2 seconds for MOX sensor activation time). For the scenarios D1, the maximal reaction time is defined by the duty cycle (it is from 20 to 200 seconds). In adaptive MOX duty-cycling mode with radio duty cycle (D2), the delay is again determined by the radio (i.e., 4 s delay -2 s for the radio and 2 s for the MOX sensor). For the continuous mode, the delay is only 2 seconds (the time necessary for the MOX sensor to determine gas concentration after activation).
These simulation results show that the nanotube gas sensor is beneficial for increasing the lifetime of the MOX sensor based air quality monitoring system, but increases the reaction time due to its long recovery. That can be overcome by introducing the radio communication in the case of increased gas concentration, where the radio of the sensor node has a low duty cycle (to lower the energy consumption overhead but still enhance the promptness). Further investigations can also focus on reducing the recovery time of the nanotube sensor since this will make the carbon nanotube a perfect gas detector to be coupled with traditional MOX to increase the energy efficiency. By increasing the temperature of the nanotube during the self-heating phase, it may be possible to accelerate the desorption even further in accordance with the Arrhenius law. However, the maximum heating temperature is limited by the onset of decomposition of the nanotube, which can occur at about 600
• C.
Another issue with the present design is that the carbon nanotube requires conditioning circuitry that consumes much more power than the carbon nanotube itself and partially reduces the benefits of the ultra low power consumption (40 nW). Furthermore, the cross-sensitivity of nanotubes to other gases may create false alarms which needs to be addressed in future work. On the other hand, studies show that nanotube surface functionalization could render them sensitive to other gases [22] , which may enable their application as a low-power trigger for other gases as well.
VII. CONCLUSION
In this paper, we propose a novel concept of sensor wakeup for energy-efficient smart gas monitoring. Our system benefits from the low-power activity (enabled by the carbon nanotube [14] ) and acceptable response time (enabled by the MOX gas sensor). Simulations of realistic power consumption values demonstrate carbon nanotube gas sensors, despite their technological immaturity, already enable a significant lifetime prolongation of the node, of up to 20%-35%, depending on the scenario.
As a future work, we will explore possibility of adding another carbon nanotube, that can be used as a back-up sensor while the main nanotube is in recovery state. Moreover, we will study the possibilities of incorporating a wake-up receiver [28, 29] in the node design, which will allow receiving alarm messages from neighbour nodes without the need for duty-cycling. Another important issue is to ensure the stability of the MOX gas sensor response after a longer inactive period.
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